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ABSTRACT
This project examined estimated emission reductions from implementing advanced control
technologies in heavy duty diesel engines and to assess potential emission impacts from trucks
supporting the High Volume Hydraulic Fracturing (HVHF) industry in Pennsylvania’s portion of
the Marcellus Shale Formation. Models were run examining mitigation strategies, including
retrofit devices and alternative fuel strategies. Results compare estimated emissions associated
with current HVHF truck transportation and potential emission reductions from control
technologies. Models utilized the Geospatial Intermodal Freight Transport (GIFT) model.
Results suggest that while some retrofits, such as diesel particulate filters, are able to reach
emissions reductions comparable to newly manufactured vehicles MY2007 and maintain their
economic viability, other devices, such as those to remove NOx, while cost effective, are not able
to achieve target emissions reductions alone. This suggests that retrofits should act as a
component of a comprehensive vehicle emission reduction plan. Several assumptions were
made in the modelling process. Engine operating conditions were assumed to remain constant in
this study. For a more accurate profile, factors influencing engine performance such as weather,
road quality, and engine load should be examined further. There were no cumulative effects of
retrofits examined in this study, but fleets often couple devices for additional environmental
benefits. Finally a more updated set of in-use emissions factors used in the baseline model are
needed. The data used here were the best publically available at the time (2008 EPA Average Inuse Rates). These inputs provide a potential source of error, as the in-use emissions assumed
here may not accurately represent the current (2011-2013) state of trucking fleets used in the
model. To create the most accurate profile possible, these factors need to be examined
regionally and a more recent set of in-use emission variables need to be used in the modeling
stage.
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PROJECT OVERVIEW:
Consumption of major energy resources, such as petroleum, natural gas and coal, has
been on the rise in the United States since the early 1950s. Despite the influence of events such
as the energy crisis of 1970 or the economic recession of 2008, society’s dependence on fossil
fuel based power sources continues to rise with no signs of slowing in the immediate future.
While the industrial sector has historically been the predominant end use energy consumer,
between 2009 and 2011 the transportation sector has grown to become the leading user of end
use energy within the United States. In 2011, the transportation sector accounted for 28% of the
total US energy consumption at 27.22 quadrillion Btu (Davis, 2013). The majority of
greenhouse gas (GHG) emissions from transportation result from the combustion phase of
carbon intensive fossil fuels. Emissions include high amounts of carbon dioxide (CO2), methane
(CH4), nitrous oxides (NOx), various hydroflourocarbons (HFCs), and solid matter otherwise
known as Particulate Matter (PM). The transportation sector includes the movement of people
and goods by cars, trucks, trains, and ships subdivided into personal and industrial transportation
(Davis, 2013).
Transportation has long been associated with positive increases in economic and social
opportunities (Rodrigue, 2013). A widely developed transport infrastructure spanning a majority
of the continental United States has allowed the influences of market growth to transcend
regional boundaries. The rapid growth of the High Volume Hydraulic Fracturing (HVHF)
industry provides a recent example of economic growth linked to transportation. Rural,
economically depressed areas in Pennsylvania (PA), Texas (TX), and North Dakota (ND) have
found themselves in the midst of economic booms. In PA, Ohio (OH), New York (NY), and
West Virginia (WV), advanced directional drilling and hydraulic fracturing techniques have
unlocked unconventional gas deposits in the Marcellus Shale formation, the largest domestic
reserve of untapped natural gas in the United States (USGS, 2009), spurring economic growth in
energy and transportation industries.
To recover natural gas reserves from the Marcellus formation, large quantities of
equipment and natural resources are needed to support gas well development. Water, sand, and
drilling wastes all need to be delivered to (or removed from) primarily rural locations. The
natural gas industry relies heavily on heavy duty diesel trucks (HDDV) to support development
of these rural wells, given the lack of rail and ship transport infrastructure in these remote
8

locations. HDDV transportation related to HVHF activities has been associated with both
negative infrastructure and environmental impacts and positive economic benefits.
Heavy duty vehicles, unlike their light duty counterparts, predominantly rely on diesel for
power. While diesel is efficient, its inherent properties make the combustion of diesel fuel
environmentally degrading. HDDV emissions feature high levels of particulate matter (PM),
which gives the fuel its iconic black soot after combustion, in addition to emissions of sulfur
oxide (SOx), and nitrogen oxides (NOx). Diesel exhaust emissions can have acute and chronic
effects on both human and environmental health. Increased HVHF truck traffic in rural areas
may have significant health impacts on rural communities. To help assess probable air quality
impacts associated with increased truck traffic from the HVHF industry, this study examines the
reduction potential of several currently available pollution control technologies on estimated
truck emissions from 2011-2013. Simulations include estimated emissions from a mixed age
fleet (2008 averages), implementation of post combustion control devices (Model Year 2007
standards), and alternative fuels (dual fuel vehicles).
Efficiency and cost comparisons between these simulations highlighted the multifaceted
nature of air quality control through retrofit devices. Few devices were able to achieved
comparable removal efficiency as to newly manufactured trucks. Despite having high unit costs,
low, medium and high end diesel particulate filters were able to remove enough pollution to be
comparable to vehicles manufactured MY2007 or later while remaining cost effective. All other
devices, including those designed to remove NOx, could not maintain economic or environmental
viability. In order to utilize retrofits to their fullest extent, it is advisable to incorporate them as a
component of a tailored air quality management plan.
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INTRODUCTION
US Energy Use
As of 2011, the US was consuming annually upwards of 97,301 quadrillion Btus (quads)
of energy from various sources. Non-renewable sources comprised more than 80% of the United
States total energy consumption at 79,779 quads. Non-renewable sources include coal, coal
coke, natural gas, and petroleum products, collectively referred to as fossil fuels. While coal is
the most common fuel source, with its contribution to domestic energy use remaining relatively
constant over the past 70 years, petroleum based products are vital to the nation’s energy budget.
Petroleum products include transportation fuels, fuel oils for heating and electricity generation,
asphalt and road oil, and the feedstock for various plastic and synthetic products (EIA, 2012) and
are formed of various hydrocarbons and other components, such as sulfur.
Transportation energy needs are a significant portion of this consumption. In 2011, the
US was consuming 18.84 million barrels of petroleum a day, with transportation using 12.86
million of those barrels (68%) (DOE, 2012). This equates to the transportation sector being
responsible for 27.1 quads of the United States’ 2011 total energy consumption, or 28%. The
transportation sector can be divided into six main categories. They include highway total,
water, air, rail, pipeline, and other. Highway total is the one category that is further
subdivided into cars, light trucks, and motorcycles as one group, and medium and heavy duty
trucks as another. This project focuses on Heavy Duty Diesel Vehicles (HDDVs).
Burning fossil fuels comes with environmental costs. It is generally accepted that
increasing atmospheric concentrations of anthropogenic greenhouse gases will lead to an overall
increase in global temperature (Thomas et al., 2009; IPPC 2007). Greenhouse gases (GHGs)
present in the Earth’s atmosphere absorb solar energy and radiate a large portion of it back to the
Earth’s surface, effectively making our planet warmer (Akorede, 2012). The United States alone
contributed more than 5,346 million metric tons of CO2 in 2011 (Figure 1). Transportation was
responsible for the largest proportion (33%) of the total CO2 emissions in the United States at
1,750 million metric tons (MMT). Other sectors contributing to GHG emissions are residential
(1,184 MMT), commercial (997 MMT), and industrial (1,415 MMT) (DOE, 2012). These GHG
emissions have both environmental and human health impacts.
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Figure 1. US total GHG emissions in 2011 = 6,702 million metric tons (EPA, 2013)
Industrial Transportation
Freight movement links commerce, suppliers, markets and consumers between their
original points of production and final consumption. An efficient fleet network of HDDVs is
vital to the U.S economy. The growth in the volume of HDDV freight traffic and goods
movement since 1995 has led to an increased contribution of GHG emissions from this sector
(Arteconi, et al., 2010). A 2011 Bureau of Transportation Statistics report shows that in terms of
ton-miles of freight, trucking represents 45% of total ton-miles, followed by railroads at 29%;
pipelines at 17%; river/canal/barge at 8%; and air at less than 1%, based on nearly six million US
ton-miles of freight (DOT, 2008).
Heavy Duty Diesel Vehicles (HDDVs) are of particular concern because, despite being a
rather distant second in terms of total GHG emissions from transportation (in 2010 cars trucks
and light motorcycles were responsible for 1,077 million tons of CO2, while medium and heavy
duty trucks and buses were responsible for 405 million tons of CO2), the per unit contribution of
HDVs is far greater than the per unit emissions of vehicles from the light duty vehicle (LDV)
11

sector of the transportation industry. Between the years of 1990 and 2010, there was an increase
of 24% in the total CO2 emissions from the highway sector. Of that, heavy and medium trucks
were responsible for 70% of that total increase (Davis, 2012). Without aggressive and sustained
mitigation policies, emissions from the transportation sector could increase faster than any other
end use energy sector in terms of GHG emissions. From 1990-2008, the relative impact of GHG
emissions from the HDDV sector grew 72%, while over the same time frame the LDV sector
grew just 20% (EPA, 2014). Based on these statistics, small changes in the HDDV sector will
potentially have a significant impact on GHG emissions and other criteria air pollutants.
Ubiquitous in their nature, criteria air pollutants are found nationwide and have a variety
of effects on both human and environmental health. They include Ozone (O3), Particulate Matter
(PM), Carbon Monoxide (CO), Nitrogen Oxide (NOx), Sulfur Dioxide (SO2), and Lead (Pb)
(EPA, 2006). Investments made in future technologies here will not only impact the
environment, but the future growth and development in the US economy.
Diesel Truck Engines
The Heavy Duty Diesel Vehicle (HDDV) sector is characterized by simple, durable, and
highly effective diesel engines, which power over 90% of the vehicles over 10,000 pounds on the
road today. Diesel fuel’s inherent properties, such as high energy density, make it ideal for both
road and non- road engines. Diesel engines have a higher compression ratio than gasoline
engines, resulting in a higher energy to work conversion. Up to 55% of the energy in diesel fuel
can be converted into movement, compared to 35% typically seen in gasoline-powered engines
(CRA, 2000; Baumel, 2013). In addition, diesel fuel has lubrication properties not usually seen
in gasoline, further adding to diesel engine durability (Baumel, 2013). It is typical for a heavy
duty diesel vehicle to travel over 50,000 miles or more on an annual basis.
Trucks are a staple of the US economy and they are the dominant mode of freight
transport in the United States. With more than four million miles of public roads and routes
spanning the nation, there are very few places a HDDV can’t service. Due to flexibility, cost
effectiveness, and high level of service, trucks are the primary mode choice for many shippers
and manufacturers (DOE, 2013). On a value basis, the leading commodities transported by
HDDV are those that are particularly time sensitive, including machinery, electronics, and
motorized vehicles. The value of these goods is projected to increase 190% between 2002 and
2035 (DOT,2008). Anticipated growth and demand of high value goods is stimulating the
12

development of the trucking industry (DOT, 2008). By 2020, it is projected that the trucking
industry will represent nearly 71% of all freight transport in the US, with total revenues of over
1.3 trillion dollars (ATA, 2010). Despite their economic benefits, however, HDDVs can incur a
significant cost to human and environmental health.
Heavy Duty Diesel Vehicles Emissions
HDDVs have been identified as one of the largest sources of mobile air toxins (EPA,
2005). During combustion, diesel fuel releases a variety of toxic substances. The exact
composition of these pollutants can vary greatly based upon fuel type, engine load, speed, and
ambient operating conditions. The main components of diesel exhaust include carbon dioxide
(CO2), oxygen (O), nitrogen (N), water vapor (H2O), carbon monoxide (CO), nitrogen
compounds (NOx), sulfur compounds (SOx), numerous low weight molecular hydrocarbons
(CxHx), and particulate matter (PM) of various sizes and geometries (EPA, 2002). In 2011 the
transportation sector represented more than 61% of the CO emissions, 51% of the NOx , 30% of
VOC, 4% of PM2.5 , 3% of PM10, and 2% of SO2 (Davis, 2012). HDDVs represented 0.85, 2.81,
and 1.59 million short tons respectively of the criteria pollutants CO, NOx, and VOCs, as well as
79 and 92 thousand short tons of PM2.5 and PM10 respectively (Davis 2012, 2013). Scientiﬁc
studies have found evidence relating adverse human health effects to exposure to primary trafﬁcgenerated air pollution (HEI, 2010). Even with more stringent heavy-duty highway and nonroad engine standards taking effect in the coming decade, millions of diesel engines already in
use will continue to emit high rates of pollution, which will contribute to serious public and
environmental health issues (EPA, 2007). In particular, two pollutants, nitrogen oxides and
particulate matter, have been targeted for reduction in Model Year 2007 engines because of their
health and environmental impacts (EPA, 2000). Per established EPA guidelines (EPA, 2000),
the target model year 2007 engine exhaust emissions standards are 0.725 g/mile for NOx,, and
0.036 g/mile for PM.
Nitrogen Oxides (NOx)
NOx is an encompassing term that describes highly reactive gases that contain nitrogen
and oxygen in varying amounts (CAPCO, 2014). Examples include nitrogen dioxide (NO2),
nitric acid (HNO3) and nitrous acid (HNO2). Nitrogen dioxide (NO2) is formed through the
oxidation of nitrogen oxide (NO), which is emitted when fuel is burned at a high temperature
(EPA, 1999). The high compression ratios coupled with relatively high oxygen concentrations
13

commonly seen in a diesel engine combustion chamber are what give the diesel engine its
characteristic fuel efficiency and power. This comes at a tradeoff though, as the high
compression ratio also acts as the primary source for NOx generation (Summers et al., 1996).
Nitrous oxides in the atmosphere contribute to photochemical smog, the formation of acid rain,
and the depletion of ozone in the stratosphere. NOx has well-established health and
environmental impacts due to the many possible compounds and derivatives (EPA, 1998). Due
to their increasingly detrimental effects on the environment and human health, most
industrialized countries have implemented regulatory measures to control the excess emission of
NOx (Summers et al., 1996). New regulations in effect starting in 2007 are addressing NOx
emissions, and it is estimated that a 2.7 million ton reduction in NOx emissions will have been
achieved by 2030 (EPA, 2000).
While NOx can occur naturally, the increase in atmospheric levels of NOx from the
burning of fossil fuels increases the probability that it dissolves in water vapor to become nitric
acid. Nitric acid reacts with existing ammonia to form nitrates, which are crucial components of
ambient particulate matter (PM) (RIA, 2011). NOx causes both acute and chronic responses to
exposure. NOx will infiltrate the lungs, penetrating into the sensitive lower lobes. Once lodged,
NOx can worsen existing condition such as bronchitis or emphysema (EPA, 1998). In the
presence of VOCs, NOx will undergo a series of complex photochemical reactions to create
ground level ozone, a major component of photochemical smog.
While in some natural settings ozone is beneficial (i.e. the stratosphere), at ground level it
is especially damaging to respiratory health. Ground level ozone may reduce lung function,
inflame and agitate the lining of lungs, and exacerbate existing respiratory conditions such as
asthma, emphysema and chronic bronchitis. Long-term expose can permanently damage lung
structure and function; this is especially prevalent in children who are exposed to ozone from a
young age through their growing years (EPA, 2007; EPA, 2009). Observational studies have
linked daily ozone exposure with increased asthma attacks, increased hospital admissions, and an
increase in daily mortality. Ozone is especially dangerous in the sense that even after symptoms
dissipate, ozone may cause continual damage, often without the individual’s knowledge (EPA,
2009).
Particulate matter (PM)
Particulate Matter (PM) is a heterogeneous mixture of solid and liquid droplets in various
14

sizes interacting with atmospheric gases. PM is perhaps the most iconic feature of diesel
pollution, characterized by the heavy black smoke typically seen billowing from the exhaust
pipes of diesel powered engines. In recent years, PM has become a major concern due to its
potential acute and chronic human health and environmental impacts. Studies have indicated
that particulate matter from motor vehicle sources pose a greater risk to public health than
particulates from other sources, such as industrial and windblown dust (Li, 2011). PM is
classified on a size scale, with PM10 (particles with an aerodynamic diameter of 10 um or less)
and PM2.5 (particles with an aerodynamic diameter of less than 2.5 um) being the standard
reporting units.
PM10 encompasses all fractions (AHA, 2010). This size is often referred to as “primary”
particles; but PM can also form through atmospheric chemical reactions, better known as
“secondary” particles. Primary PM can be from anthropogenic sources, such as combustion of
fuel (both solid (coal) and liquid (diesel)), or natural processes such as soil particles dispersed by
wind erosion (WHO, 2013). Carbonaceous material, soot and organic compounds, and inorganic
compounds, such as sulfate and nitrate, are features shared between both primary and secondary
particles. The exact composition of PM can vary based upon location and ambient
environmental characteristics. Ions of sodium, calcium, sulfates, nitrates, ammonium, and in
some cases even biological material can found in PM. The EPA recognizes a variety of different
vectors contributing to the effects associated with PM, such as chemical compensation or source
(Stanek, 2011).
The severity of health complications depends on the composition of the particle, length of
exposure, and pre-existing health conditions (those with preexisting health conditions such as
asthma are more likely to suffer from adverse effects associated with exposure). Because of the
size of PM10 and PM2.5 particles, they have the ability to bypass the body’s respiratory defense
mechanisms and lodge deep within the thoracic region of the respiratory system and potentially
within the bloodstream as well (EPA, 2002). PM from diesel engines can include respiratory
irritants such as NOx, SOx, and aldehydes. Acute exposure from these can cause irritation to the
eyes, nose, throat and lungs, induce mild neurological effects such as light-headedness, produce
a cough with phlegm, and agitate existing conditions such as asthma (EPA, 1998; EPA, 2002).
In 2004, the American Heart Association released their first official scientific statement
on PM stating that “exposure to particulate matter (PM) air pollution contributes to
15

cardiovascular morbidity and mortality.” PM exposure contributes to approximately 800,000
premature deaths each year, making it the 13th leading cause of death worldwide as estimated by
the World Health Organization (WHO 2013). Evidence suggests a positive correlation between
short term PM exposure and a decrease in cardiovascular health. Examples include increases in
ischemic heart disease, myocardial infarction (MI, otherwise known as the classic heart attack),
and congestive heart failure (CHF) (AHA, 2010).
Short term exposure can also negatively impact blood pressure and increase systemic
inflammation, but further studies are needed to corroborate these findings (EPA ISA, 2009).
Research also suggests a relationship between decreases in respiratory health, including chronic
obstructive pulmonary disease (COPD), and respiratory infection (EPA ISA, 2009). In the short
term, existing medical conditions like asthma may be exacerbated.
A number of observational studies done across Europe suggest that there is a measurable
decrease in adverse health consequences, such as decreased respiratory function and premature
mortality, linked to improving air quality. An annual reduction of 15 ug/m3 of PM2.5 avoided an
estimated 16, 926 premature deaths, broken down into 11,612 relating to cardiopulmonary
complications and 1,901 from lung cancer (World Bank, 2014). Corroborating studies done in
the United States indicate an increased life expectancy of 6 months with a 10 ug/m3 reduction in
annual PM2.5 (Pope et al., 2002; Krewski et al., 2009) Diesel exhaust control strategies not only
reduce the particle volume and mass, but alter the chemical composition, thereby improving the
air quality and public health.
Controlling Diesel Emissions
Natural Gas and Dual Fuel Systems in Diesel Natural Gas Vehicles (DNGV)
Because of the adverse health and environmental impacts of diesel exhaust, alternative
fuels, efficient combustion techniques, and emission control strategies are being explored to
reduce emissions. The primary goal of these modifications is to find an effective way to reduce
the total exhaust emissions while maintaining efficiency and without making significant
modifications to the engines mechanical structure.
One of the most promising developments for heavy-duty diesel engines is the potential
for them to run on mixed fuel or natural gas. Natural gas can be used either in a gaseous state
through a compressed natural gas (CNG) system or as a cryogenic liquid (LNG). The use of
LNG and CNG in the transportation sector offers many benefits. Both are easy to transport and
16

store. Both have a high energy density, making them ideal for long range uses, like that of
HDDV (Cheenkah, 2013). LNG has an energy content value of approximately 82,000 Btu/gal,
while CNG is higher at 125,000 Btu/gal. By comparison low sulfur diesel is rated at
approximately 139,000 Btu/gal (Midwestern Energy Solutions, 2016; GREET, 2015). From this
it’s possible to see that CNG or LNG both have an inherently high energy content, making them
ideal for use in the transportation industry (GREET, 2010). Used either in its compressed or
liquefied state, natural gas is considered an attractive alternative fuel that in the short and
medium term has the potential to substitute for conventional fuels as a means to reduce
emissions until more sustainable technologies are developed (Arteconi, 2010)
Compressed Natural Gas (CNG)
CNG systems are already popular in many European countries and developing nations
such as Brazil and Argentina. There are a few key factors that have led to the rise of natural gas
as a transport fuel. Table 1 highlights the various fuel properties of commonly used fuels in
HDDV, most notably the octane rating of CNG and LNG. The octane number is a standard
number of performance used to correlate to compression resistance, signifying how much
compression a liquid fuel can withstand prior to ignition. The high octane number of natural gas
allows for a higher compression ratio, and with this increase in compression, more torque is
produced, resulting in more power for the engine. The compression ratio is directly related to
power and the thermodynamic efficiency of an engine. Higher compression ratios mean that
more energy can be extracted from a given unit of fuel due to the large amount of activation
energy needed to initiate combustion. This gives natural gas systems diesel-like power
efficiency with much lower emissions, which can be traced back to natural gas’s inherent lack of
impurities (Carucci, 2011). Fewer impurities in the fuel leads to a more homogenous burn, and
therefore fewer post combustion emissions (Carucci, 2011) (Table 2).
Liquefied Natural Gas (LNG)
In addition to CNG, liquefied natural gas (LNG) is a viable alternative fuel option. Like
CNG, LNG does not have sulfur dioxides, aldehydes and ketones present in the fuel, which
significantly reduces the amount of emissions that are released upon combustion (Lata, 2012).
By converting engines to utilize LNG, the problem of regional diesel air pollution could be
reduced while simultaneously reducing GHG emissions. In order to maintain its liquid state,
LNG must be kept cold by storing it and transporting it in double walled-vacuum-insulated17

cryogenic containers (NREL, 1991). Most LNG systems are featured with a super insulated
passive tank design.
Table 1 – Properties of commonly used fuels in HDDVs. Fuel properties have a direct impact on
the compensation of engine out emissions following combustion. Tank specifications and fuel
configuration plays a direct role in vehicle range. The assumptions for the dual-fuel engine used
here have been highlighted below and represent industry estimations from Eco-Dual, a leading
company in DNGV retrofits (www.eco-dual.com) (www.afdc.energy.gov)

Property

No 2 Diesel

Compressed Natural

Liquefied Natural

Fuel

Gas

Gas

C3 to C25

CH4

CH4

Liquid

Gas

Liquid

Molecular Weight

200

16.04

Octane Number

n/a

120+

130+

40-55

n/a

n/a

780

412*

576.8*

128,488 Btu/gal

20,160 Btu/lb

21,240 Btu/lb

Chemical Formula
Physical State

Cetane
Range(miles) at 6.5
mpg
Energy Density
Btu/gal & Btu/lb

*Assuming 70% gas 30% diesel configuration with 800lb CNG and 110 gallons of diesel.
Tank Specifications: NG Tank : CNG 46 Diesel Gallon Equivalent (DGE) made in the USA.
Weight: Full: 550 lb Empty: 271 lbs

Table 2. Typical Natural Gas Composition by volume (Union Gas, 2013). Due to its mostly
uniform composition, NG is a cleaner burning fuel compared to other fossil fuels, which are
often laden with a variety of compounds.
Species
Methane
Ethane
Propane
Butane
Pentane
Carbon Dioxide
Nitrogen

Content
92%
3%
0.7%
0.02%
0.1%
0.6%
3%

When the gas is compressed under a cryogenic system, it becomes highly energy dense, and
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trucks using LNG can travel 1.4 times farther than trucks using CNG for a given fuel tank
(Kumar, 2011). The high energy density of LNG makes it ideal for long range hauls or trips with
sporadic fueling stations. The flexibility in terms of range capacity and fueling opportunities
offered by LNG gives it a distinct advantage over CNG systems and makes it a key player in
future energy developments in the transportation sector.
One major drawback to LNG is the additional energy required in the creation of the
cryogenic fuel and its affordability. LNG is created by cooling natural gas to -162°C. The
theoretical minimum work required for the liquefaction of natural gas varies greatly compared to
compression alone. This is due largely to the variety of liquefaction processes available on the
market today (NREL, 1991) and the extra steps needed to purify the gas. LNG technology is
some of the most expensive on the market today, requiring significant investments to
development, transportation and end use. Comparably speaking, the LNG supply chain and end
use cost is much higher than that of CNG. However, with continued investment in new
technologies and improved processing, LNG may represent a viable fuel option in the future.
LNG provides a stable pricing option and is seen as a promising tool to secure and
diversify the energy portfolio of developed nations. LNG has already seen a growth in
popularity, approximately 3.5 times faster than the total gas consumption. Despite its inherent
limitations, as the future of fossil fuel based energy sources remains uncertain, the demand for
natural gas is expected to grow; with the LNG being the favored source (JRC, 2009).
Dual Fuel Systems
Because of their clean burning fuel, DNGV represent an option to reduce criteria air
pollutants and simultaneously greenhouse gasses. However, their large initial cost and high fuel
costs may be seen as a drawback to potential buyers. One of the goals of this study is to
determine if the high costs associated with this approach outweigh the damages caused by
existing unmodified engines.
Compression ignition engines rely on the auto-ignition of a fuel-air mixture post
compression of the gas. Given the high auto-ignition temperature of natural gas, pure natural gas
alone is unsuitable (Letcher, 2013). To combat this limitation, dual fuel natural gas vehicles
(DNGV) engines have been increasing in popularity, due in part to their potential to reduce
emissions while maintaining or improving performance within compression engines (Lata,
2012). Very little internal modification is needed to outfit an engine to run on a dual fuel system.
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In essence, dual fuel engines feature a homogeneous mixture of natural gas and air that is
compressed rapidly below its auto-ignition conditions and then ignited at a later time with a
small injection of diesel pilot fuel (Papagiannakis, 2010). Near the end of the compression
stroke, diesel fuel is injected and acts as the ignition source for the surrounding air gas mixture
(Papagiannakis, 2004). As the air and gas compression and the air temperature rises, the
compression of the diesel fuel will also cause the combustion of the gas-air mixture. In many
cases engines can be designed to operate interchangeably, running on pure diesel or dual fuel
depending on the ambient operating conditions (Letcher, 2013).
An important consideration when looking at dual fuel or any type of alternative fuel
engine is the cost associated with the alternative fuel. From 2011-2013, Ultra Low Sulfur Diesel
(ULSD) cost approximately $3.45-$3.96 per gallon nationwide, averaging out to $3.75 per gallon
(DOE, 2013). In order to compare diesel prices to natural gas, natural gas costs are presented in
dollars per diesel gallon equivalent ($/DGE). LNG pricing is not included here due to the lack of
available data to draw accurate pricing comparisons. For the same period, CNG costs on average
ranged from $2.15-$2.34 per DGE, averaging out to $2.29 DGE nationwide. Low costs can be
attributed to the influx of readily available gas from domestic sources (DOE, 2013; Xian, 2015).
With a lower average cost than its diesel counterpart (at least from 2011-2013), NG potentially
represents a competitive alternative to conventional fuels. The downside to NG fueled vehicles
is that they have higher operation and maintenance costs. Historically NG systems have been
limited due to their lack of adequate fuel station infrastructure and high initial costs (Xian, 2015).
HDDV Emission Control Devices
Diesel Particulate Filters
In addition to fuel alterations, mechanical control devices can be used to reduce
emissions from diesel fuel. A popular option to regulate the amount of PM from diesel engines
is a diesel particulate filter (DPF). A DPF works in three key steps. The first step is known as
the filtration process. During the combustion of fuel, exhaust gas is created, made up of various
particles, such as soot and unburned hydrocarbons (Noll, 2012). From the cylinder, the gas
moves outward and the particles from the exhaust pass through a porous membrane and become
trapped. The second step is known as the regeneration process which can be done in two
different ways. During this step, PM is collected in the filter and reduced to ash, which can be
collected at a later time (EPA, 2010; EPA, 2014). This can be done either by passive or active
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measures. Passive regeneration occurs when the exhaust gas temperature is high enough to selfcombust the accumulated particulate matter, whereas active systems rely on off-line sources of
heat to burn off accumulated PM.
Passive regeneration uses excess heat generated from the engine to burn off accumulated
particulate matter (Mischler, 2009). Typically, exhaust gases only reach about 100-200 degrees
Celsius under normal driving operations; self-combustion temperatures usually occur upwards of
550-650 degrees Celsius. To make up for the difference in temperature, there are active
regeneration measures. Active regeneration uses an external source, such as an electric heating
unit, to raise the internal temperature of the DPF to the required combustion temperature.
Finally, in the third step, the remnant ash is collected and rearranged so that efficiency and
process is maintained (Noll, 2012).
DPFs come in two models, a flow through or partial diesel particulate filter and a wall
flow filter. Flow through filters are a slightly newer technology and utilize a catalyzed metal
wire mesh. Their asymmetrical design makes them more practical for applications that have
space constraints. Since the ash passes through the device, it reduces the need for filter cleaning
(MECA, 2007). Flow through filters typically see about a 30-75% efficiency in the reduction of
PM, depending on operating characteristics (MECA, 2007).

Figure 2: A Diesel flow- through particulate filter (source: MECA, 2007)
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A wall-flow diesel particulate filter operates at a higher efficiency and were the devices
chosen to be modeled in this study due to the fact they are more commonly used (MECA, 2007).
This cube shaped model has a porous, honeycomb design with alternating plugged channels
(MECA, 2007). Ceramic is the most popular building material, as it exhibits high strength and
thermal durability. Particulate matter enters the filter on the left side, and as the gas passes
through the filters, the PM is deposited on the upstream side of the cell wall. On the right hand
side, the filtered exhaust gas exits (MECA, 2007). Wall-flow designs have a higher maintenance
component than flow-through models, as these systems accumulate soot within the cell wall,
which must be removed to prevent backlogging and to maintain efficiency.
In various tests run by the EPA, wall-flow DPFs reduced PM matter by upwards of 8595%. EPA verified technology also states that DPFs can reduce emissions of other common
pollutants such as hydrocarbons and CO by 70-80% (EPA, 2015). As a standalone system, DPFs
are not effective in the reduction of NOx, but there are additional systems that can be included to
control for these emissions, such as a selective catalytic reducer (SCR).

Figure 3: Wall-Flow diesel particulate filter (source: MECA 2007)
Diesel Oxidation Catalyst
Diesel Oxidation Catalysts (DOC) are one of the earliest methods of exhaust pollution
control (MECA 2007). DOCs are designed to chemically oxidize the unburnt component of fuel
into lesser byproducts such as CO2 or H2O (MECA, 2007). The devices typically feature a
precious metal coated honeycomb substrate (EPA, 2010). Verified by the EPA and CARB,
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DOC’s have the potential to reduce PM by approximately 20-40% (EPA 2010). DOCs have met
with great success in road and non-road applications alike. When used with the proper fuel
(ULSD), it’s not uncommon to see DOCs last for the entire useful life of the vehicle on which
they have been implemented (EPA, 2010).
Selective Catalytic Reducers
A selective catalytic reducer (SCR) works by reducing the NOx by NH3 to create water
and nitrogen (Forzatti, 2010). SCRs have been popular in stationary diesel engines, marine
diesel engines, and locomotive diesel engines and are now finding application in road and nonroad diesel engines (Forzatti, 2010). They have been used as a control strategy for sources such
as power plants for the past 20 years. A SCR provides an effective approach for simultaneous
reduction of NOx, PM, and HC emissions. In the past, a fuel efficient engine that was optimized
for low PM could potentially have significantly higher NOx output (MECA 2007). The high
temperatures used to promote complete oxidation of the fuel and less soot create an ideal
environment for the formation of NOx (MECA 2007). SCRs have an efficiency of 70-90% for
NOx removal, but while the highest reductions are possible in a closed loop SCR system, they are
generally not cost effective (MECA 2007). Closed loop systems feature an additional NOx
sensor both before and after the catalyst (MECA, 2007). The sensor allows the system to selfregulate the urea injection. Open loop designs like those commonly seen in engines today
average approximately 75% removal efficiency (MECA 2007; EPA 2015). SCR designs
combine a well-structured reductant injection system, flow mixing devices for an even
distribution of the reducing agent, and catalysts that allow for the reduction to occur. When the
exhaust gas and reductant pass over the SCR catalyst, a chemical reaction occurs to reduce the
NOx emissions (MECA, 2007).
There are three key factors that generally dictate the removal potential of a SCR:
temperature, the amount of reducing agent, and the injection grid design. The effectiveness of
the SCR is directly related to the range of operating temperatures. A SCR is most effective when
operating between 350 to 427 degrees Celsius (EPA, 2013). As there are several locations
downstream of combustion where it is possible to include an SCR, the type of engine and retrofit
cost are major factors determining where the SCR is located, as significant work must be done to
meet the needed space requirements for a SCR. Finally, the amount of catalyst varies based on
the NOx levels in the gas.
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With their inherent durability and power characteristics, HDDVs represent the ideal
choice for use to support transportation needs of many industrial operations. One such industry
is natural gas using High Volume Hydraulic Fracturing (HVHF). HVHF is a technology that is
receiving attention nationwide for its ability to extract natural gas from previously unviable
resources. The HVHF process has high resource needs and relies in large part on trucks for
material, equipment, and waste transportation.
Case Study - Trucks Supporting Drilling in the Marcellus
Recent technological advancements, mainly that of horizontal drilling, have allowed
access to previously inaccessible domestic gas reserves (Litovitz, 2013), thereby rapidly
increasing the domestic production of natural gas. Currently, shale gas extraction makes up 30%
of the domestic natural gas production (JISEA, 2012). Horizontal drilling, a type of directional
drilling, starts with a vertical borehole, but at depth, the angle of drilling changes to a horizontal
plane and radiates outward. This allows drillers to access deep reserves of gas in thin pockets or
in previously inaccessible areas. Natural gas is often isolated within the veins of the rock
formations. High Volume Hydraulic Fracturing (HVHF) creates and expands fractures in rock
using explosives and highly pressurized fluid and proppants. The process of HVHF pumps
water, sand and various chemicals into the ground to widen the natural fractures, which allows
the gas to flow freely out of the bedrock. HVHF is considered an “unconventional” method of
gas extraction in the sense that the natural gas has not yet migrated to form a reserve and remains
trapped in the source rock (NYSDEC, 2011).
HVHF is highly dependent on the transportation industry for moving materials,
equipment, and waste to and from predominately rural well sites, and trucks are the primary
vehicles. Estimated truck counts range from 645-1148 one-way HDDV trips per well pad site to
account for the movement of equipment, material and waste within the Marcellus Shale region
(NYSDEC, 2011). 1,700- 2,500 new well applications per year are estimated by the NYSDEC
(NYSDEC, 2011). With six wells being assumed per well pad site, this translates into 284-417
new well pads a year.
A commonly cited issue in the HVHF debate between economic development and
environmental impacts is the high resource demand needed for the drilling process. In the
Marcellus region, water is expected to be trucked in from off site. Operating under the premise
that each well uses approximately 5 million gallons of water and each truck can haul 2,500 to
24

5,500 gallons of water per load, each fracturing event would take upwards of 900 to 2,000 oneway onsite deliveries of water (Korfmacher et al., 2015). Proppant sand must also be shipped in
from an offsite location to the well sites. Industry estimates are in the range of 1,250 to 3,500
tons of sand per well, requiring 114-250 trucks, assuming 2,500 tons per well (Korfmacher et al.,
2015). Based on reported waste totals to PADEP from 2011-2013, 625-1,148 one-way trucks
trips are estimated for the transportation of waste (Korfmacher et al., 2015).
Project Statement
Using emission estimates from 2011-2013 (Korfmacher et al., 2015), this research
evaluates the cost effectiveness of control technologies geared towards meeting emission rates
set forth by the US EPA for Model Year 2007 trucks. The increase in HDDV transportation and
associated emissions linked to HVHF activities pose significant environmental and health
concerns to rural and urban areas. This research explores the viability of various HDDV
pollution control technologies and alternative fuel sources to minimize human health and
environmental impacts related to HVHF activities in the Marcellus Shale region from 20112013. This study identifies the most economically and environmentally viable current options
for mitigating the impacts associated with excess transportation emissions from HDDVs
employed by the HVHF industry modelling 2008 average in-use emission rates as the baseline
(EPA, 2012).

25

METHODS:
Site Description: Marcellus Shale Basin
Located in the northeastern United States, the Marcellus Shale basin spans more than
77,074 square miles (Blohm et al., 2012), including portions of five states: New York,
Pennsylvania, Maryland, Ohio and West Virginia (Figure 4).

Figure 4: Marcellus Shale Basin (EIA, 2011)
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Engelfer (2009) estimated the formation contains more than 489 trillion cubic feet of
natural gas, while the USGS less than two years later estimated approximately 84.2 trillion cubic
feet. Natural gas deposits in the basin are up to a mile (1.6k) or more below the surface and
trapped in thin layers (Kargbo, 2010). Because the gas is so inaccessible using conventional
drilling techniques, horizontal hydraulic fracturing has become the method of choice for
extracting natural gas from the shale formation.
Approaches to modeling effective retrofit strategies:
The models created here are intended to inform shippers and fleet managers and policy
scientists on the tradeoffs of utilizing different pollution control technologies to minimize
emissions from HDDV transportation activities from 2011-2013. Routes, estimated truck counts,
and annual emissions were generated by Korfmacher et al. (2015) for wells drilled and producing
in 2011, 2012, and 2013. Emission estimates were generated by the emissions calculator built
into the Geospatial Intermodal Freight Transport (GIFT) Model, developed through a combined
modeling effort by the University of Delaware and the Rochester Institute of Technology
(Winebrake, 2008).
The GIFT model was the first geospatial model to explicitly include energy and
environmental objectives (e.g., least CO2 emissions, least PM10 emissions, least NOx emissions,
etc.) in its optimization routines (Gosh, 2011). Acting as an extension of the ArcGIS Network
Analyst Tool, GIFT allows for a spatial representation of the impacts from freight transport. For
this project, TIGER 2010 Census road data were used to build the road network database, as
detailed small roads were needed to model rural well to road linkages. In addition to distance
and time evaluators embedded in the Network Analyst functions, GIFT can solve for a variety of
different factors using the emissions calculator. Factors in the calculator can be manually
changed to reflect the percent efficiency of various technologies or federal mandates, optimizing
for variables such as CO2, time, NOx, SOx, PM, and VOCs. Figure 5 is an example of what the
calculator may look like with variable emissions rates at the user’s discretion. For this project,
emissions were initially set to 2008 EPA average in-use fleet rates (EPA, 2010) to generate
baseline values as highlighted in Table 3.
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Figure 5: Example of the emissions calculator in the GIFT model

Table 3: Emissions Rates from Average In-use Fleet estimates (EPA, 2010) and MY2007
standards (EPA, 2000). Numbers highlighted in red reflect those emissions that were impacted
following the implementation of the 2007 highway rule.
Pollutant

Average Emissions Rate

Model Year 2007
emissions rate (if relevant)

CO2

1740 g/mile

1740 g/mile

CO

2.311 g/mile

2.311 g/mile

NOx

8.613 g/mile

0.725 g/mile

PM10

0.219 g/mile

0.036 g/mile

SOx

0.012 g/mile

0.012 g/mile

VOC

0.447 g/mile

0.447 g/mile
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With this key feature, researchers are able to run a variety of scenarios to model the
change in response to air emissions based on transport parameters. Routes are solved optimizing
for the largest potential reduction of a target emission parameter, with accumulations of other
emissions and transport variables, including cost, energy, distance optimization (assuming trucks
took the shortest route possible), and time. Figure 6 illustrates how the GIFT model integrates
into the ArcGIS Network Analyst.

Figure 6. GIFT cost factors in ArcGIS, with General Route parameters to the left and
transportation accumulation settings to the right.
Four different simulations were run to illustrate baseline and emission control scenarios.
In this study, each route originates from well or resource holding areas, allowing the generation
of origin- destination pairs (OD pairs). The number of trucks needed per well was computed
based on load values determined from reported values and literature review. Various external
open source databases, such as the PA Department of Environmental Protection (PA DEP, 2012)
and fractracker.org (fractracker.org), were used to gather information, such as the quantity of
waste from each well and its end destination. Three truck loads were simulated: 10-ton loads
(small dump trucks), 16-ton loads (large dump trucks) and 22-ton loads (large tractor trailers).
Within each of the various load capacities, the vehicular emissions were assumed to remain
constant, but the vehicle counts changed at each level.
To determine the truck count, several assumptions were made about the industry and its
29

supporting network. Vehicle counts are based off the assumption that HDDVs are servicing
approximately 2,000 wells a year. Two weeks is estimated as the approximate time frame before
rotating resources to a new well. In terms of material usage, it was assumed each well was using
5,000,000 gallons of water, with about 50% coming back as waste material, and 5,000,000
pounds of proppant sand was assumed to be used during the process.
With these material quantities in mind, respective truck loads were determined to
facilitate the delivery and disposal of these resources. Using a 22-ton capacity truck and the
given material quantities, this constitutes 909, 453 and 114 truckloads per well for water, waste,
and sand, respectively. If these numbers are divided by the 14 day cycle assumed to represent
the time at each well, the number of daily loads needed per a well can be estimated. This yields
65 loads of water, 8 loads of sand, and 11 loads of waste associated with each well on a daily
basis during a two week fracking event.
Once the average number of loads were determined, it was possible to use that
information to determine the fleet truck counts. As these vehicles were limited by distance and
time constraints, only a certain number of truck trips were deemed possible each day. The
average distance to the most appropriate water source is approximately 10 miles, so a vehicle can
make upwards of three trips a day, factoring in loading time. Applying a similar logic to the
sand and waste facilities, the sand depots were on average 30 miles away, meaning a vehicle
could make two deliveries in a day; and the nearest waste disposal facility is on average 100
miles away, with a vehicle capable of making one delivery a day. Given the number of loads
associated on a per a day basis, and the maximum number of loads possible for each truck to
support and divide those numbers, the total truck counts for each service are 22, 4 and 11
respectively for water, sand and waste, meaning there are an estimated 37 total trucks needed to
support each well daily.
Assuming 37 vehicles per a well, multiplied by 77 (the average number of wells that are
serviced every two weeks on a yearly basis), yields an average of 2,849 trucks per fleet for the
transport of these specific materials. This was rounded to 3,000 trucks with 22-ton loads.
Following this example, the same logic was applied to vehicles hauling at the 16-ton and 10-ton
loads (4,000 and 6,300 trucks respectively). These calculations create a bookend analysis that
allows for a range of vehicle configurations possible in the field.
With the routes generated (an example of a common output can be seen in Figure 7,
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representing the path of multiple vehicles converging on a common endpoint), the number of
trucks on each route was determined by the amount of material being hauled to and from each
site under variable loads. For water and sand, these estimates come from assumed well
requirements of 5 million gallons of water and 2500 tons of sand. Waste truck counts were
determined by waste amounts reported by the drilling companies to the Pennsylvania Department
of Environmental Protection (PADEP). These truck counts were then multiplied by the
emissions estimated by GIFT for each route.
The baseline figures allowed for a relative point of comparison for the various types of
post-combustion control technologies and alternative fuel case studies. Table 3 highlights the
emission rates utilized in the baseline simulations. One of the results of this study are output
tables that allow fleet managers and policy makers to compare the efficiency of various control
devices and alternative fuels to mitigate for the damaging effects of diesel combustion exhaust.
To help the reader understand the scope of the research presented here, a flowchart has been
included (Figure 8).

Figure 7. Example of routes and segment edges generated by the ArcGIS Network Analyst
extension and the Add Traversal Results Tool.
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Determine activity
data

Determine baseline
emissions (Figure 6 & 7)
(Table 3)

.
Identify pollution control
options and costs (Tables
4-6)

Run initial simulation with
pollution control factor
reductions

Calculate change in
emissions from baseline
(Tables 7-11)

Cost benefit analysis
(Tables 12-17)

Figure 8: descriptive flowchart of the methodology employed for this study
Case Studies
Conventional: This case study uses emission rates typical of the average, in-use fleet
from 2008. Truck emission factors here will represent typical values reported to the (EPA, 2010)
and will serve as a baseline analysis for comparison with the other simulations (Table 3).
Retrofitted: This case study simulates emission reductions from recent types of diesel
particulate filters and diesel oxidation catalysts. By taking the emission variables from the
conventional scenarios, we can reduce them by a given percentage to reflect the efficiency of a
particular technology. These include DPFs, DOCs and SCRs. Device efficiencies that were
modeled here can be seen in Table 4. The table represents the emission reductions as estimated
by the EPA, while other sources present ranges of higher estimated reduction potential. The
analysis uses estimates presented by the EPA to maintain a level of consistency among devices.
Alternative and Dual Fuels: In terms of alternative fuels, the potential of LNG, CNG,
and a dual fuel natural gas engine were modeled. For market permeability, a dual fuel engine is
currently more likely to infiltrate the fleet. Dual fuel engines require minimal alterations to
existing engines and are more likely to match the necessary torque and power output from a
conventional compression engine.
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Mandated: Finalized in January 2001, the 2007 Highway Rule was set to take effect
starting in the model year 2007 (MY2007) for on road diesel engines (EPA, 2001). This
nationwide program was designed to address the persistent pollutant concerns posed by
widespread diesel engine use and not managed in prior legislative measures (i.e. 2004 engine
standards) (EPA, 2000). The 2007 highway rule created post combustion emission standards for
Particulate Matter (PM), nitrous oxides (NOx), and non-methane hydrocarbons (NMHC) to be
reflected in vehicles MY2007 or later. NMHC, while included in the 2007 rule, were not
examined in the course of this study. Standards are measured in grams per mile (g/mile) and are
0.036g PM10/mile and 0.725g NOx/mile respectively (EPA, 2000).
Designed to be phased in, there was a mandated 50% minimum compliance for all new
engines starting MY 2007-2009, and by 2010 100% compliance (EPA, 2000). These engines did
not come without a significant additional cost though. In 2003 the average engine cost about
$9,000. Following the implantation of the new standards, that cost rose to approximately
$30,000 (Gletzer, 2014). This additional cost is largely due to the inclusion of after treatment
devices (DPF and SCR) with the additional of a more extensive cooling system (MU, 2014). In
order to ensure that engine manufacturers were actively developing strategies to meet the
increased compliance standards, the EPA met with various companies prior to the
implementation deadline to assess their status. EPA determined as early as 2004 that all
manufacturers possessed the technologies to comply with the 2007 standards (EPA, 2004).
These figures can be represented in Table 3, highlighted in red they show the significant
reduction following the implementation of the 2007 Highway Rule.
Table 4: Device control efficiencies as reported by the (EPA, 2015). Control Efficiencies in this
setting are defined as the effectiveness of the device at removing a targeted pollutant. DNGVs
are assumed to be at a 70% gas and 30% diesel ratio.
(www.epa.gov/cleandiesel/technologies/retrofits.htm)
Diesel
Diesel
Selective
Duel Fuel
Duel Fuel
Device
Oxidation Particulate Catalytic
Natural Gas Natural Gas
Catalyst
Filter
Reducer
Vehicle
Vehicle
Pollutant of concern PM
PM
NOx
PM
NOx
Low

20%

85%

75%

20%

50%

Medium

30%

90%

75%

20%

50%

High

40%

95%

75%

20%

50%
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Economic Analysis
A cost-effective analysis helps evaluate the success of a given program. It’s a technique
used to relate the costs of a program to its key outcomes or benefits. This tool can be applied at
any time during the program’s useful life, making it flexible enough to compare outcomes across
a variety of devices and timelines. Cost- effectiveness for the purpose of this study is defined as
the cost-per gram of emissions reduced. Within this definition, cost-effectiveness can vary based
on a variety of factors. For instance, areas that have more serious air quality issues (i.e. high
traffic corridors) will see a more pressing need and realize a greater benefit from the
implementation of control devices (EPA, 2006). The benefit of including cost-effectiveness in
this study is that it will allow an accurate level of comparison between health costs and device
costs. Public officials and fleet managers will be able to make educated and informed decision
as to the most viable options to outfit their fleet to comply with present and increasingly stringent
EPA standards.
The key benefit or unit of effectiveness examined in this study was the removal of criteria
pollutants. It’s represented by the cost incurred by each device to remove, at its average
efficiency, criteria pollutants from the baseline emission rates. AC (average cost in $) divided by
RE (removal efficiency in grams) is the process in which CE (cost efficiency $/g) is calculated.
AC is the fleet wide capital costs to implement a specific retrofit device gathered from Table 5,
divided by the equipment life expectancy, assumed here to be 25 years. RE is the amount of
pollution removed from the baseline through the use of a retrofit device and can be seen in Table
9 and Table 11 in the results. For use in this equation, RE values have been converted from Mg
to grams (g). As the data reflect removal efficiencies from a fleet wide scale, it makes sense to
present pollution in metric tons, as opposed to grams. However, to establish identifiable fiscal
trends, grams are a much more useful unit as it allowed for a greater degree of comparison
between devices and weight classes. Equation 1 shows the CE calculation and Equation 2
depicts how AC has been generated. The end result, including conversions, is represented by CE
in units of dollars per gram removed on an annual basis ($ yr/g).

Equation 1
Cost Effectiveness =
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𝐴𝐶
𝑅𝐸

= CE

$ 𝑦𝑒𝑎𝑟
𝑔

Equation 2
𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑠 ($)

$

Annualized Costs =𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝐿𝑖𝑓𝑒 𝐸𝑥𝑝𝑒𝑛𝑡𝑎𝑛𝑐𝑦 (𝑦𝑟)= AC 𝑦𝑟
Capital cost information per device has been gathered from the EPA’s Clean Diesel
Campaign verified technologies list. However, since the ultimate goal is to determine fleet costs,
capital cost information have been multiplied by 3,000, 4,000, or 6,300 to represent trucks
hauling freight at a 22-ton, 16-ton and 10-ton capacity respectively and are presented in Results
as Table 12. Table 5 below shows the unit costs of each device.

Table 5: Device per unit costs as reported by the (EPA, 2015). DNGVs are assumed to be at a
70% gas and 30% diesel ratio. (www.epa.gov/cleandiesel/technologies/retrofits.htm)

Pollutant of concern

Diesel
Oxidation
Catalyst
PM

Diesel
Particulate
Filter
PM

Selective
Catalytic
Reducer
NOx

Duel Fuel
Natural Gas
Vehicle
PM

Duel Fuel
Natural Gas
Vehicle
NOx

Low

$600

$8,000

$10,000

$28,500

$28,500

Medium

$2,300

$29,000

$15,000

-

-

High

$4,000

$50,000

$20,000

$38,500

$38,500

Device

Equation 3 outlines a typical setup for a net cash flow (NCF) analysis (Blank, Tarquin,
2012). For the purpose of this analysis, the NCF equation represents the average health care costs
in terms of morbidity and mortalities following exposure to excess levels of source pollution
from HDDVs. Reduced Emissions (RE) have been gathered from Tables 9 and 11 (see Results)
and Health Care Costs seen as the variable HC have been gathered from the 2014 EPA report
“Technical support document, estimating the Benefit per Ton of Reducing PM2.5 Precursors from
17 Sectors” (EPA, 2014). The report describes the methodology for estimating the avoided
human health impacts and corresponding monetized benefits relating to PM and its precursor
pollutants, NOx, and SOx.

Equation 3:
𝑁𝐶𝐹

$
𝑔
$
= 𝑅𝐸 ∗ 𝐻𝐶
𝑦𝑟
𝑦𝑟
𝑔
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Health impacts and the economic value of these impacts, associated with the ambient
concentrations of primary PM2.5, sulfate, and nitrate, were gathered from the environmental
Benefits Mapping and Analysis Program (BenMAP v4.0.66). Using predetermined parameters,
this program can estimate the relative health impacts over a population with varying hypothetical
pollutant levels (EPA, 2014). They are shown in Table 6. Values have been converted into
grams using a factor of 1 US ton equating to 907,184.7 grams.
The values presented in Table 6 reflect an estimate of the monetary consequences caused
by PM and NOx exposure. They represent the monetized estimations of avoided premature
deaths and avoided mortality costs derived from a cohort study by Lepeule et al. (2012). Not
included here are the co-benefits that would also stem from reductions in criteria pollutants. The
term co-benefits includes those environmental and societal benefits, such as increased visibility
due to decreased smog, material damages, and ecosystem costs. This does not imply these
relationships don’t exist, but rather the morbidity and mortality endpoints used as input sources
here represent confident relationships that are known to exist. The co-benefits, while important,
are a much more casual relationship and subject to a higher degree of variability. Therefore, due
to the fluctuating nature of the variables and data and methodological limitations, co-benefits
have been excluded from the monetized estimates presented here (EPA, 2013).
OMB Circular A-94 establishes guidelines and discount rates for BCAs (benefit cost
analyses) for Federal programs (Owens, 1998). The Circular A-94 recommends using a real
discount rate of three percent to capture the average saver uses to discount future consumption as
a measure of the social rate of time preference (Owens, 1998).
Table 6: Dollar value in terms of morbidity and mortality per English ton of directly emitted
PM2.5 and NOx from the on-road sector for 2016 in $2010 US dollars (annual totals). Values
from (Lepelule, 2012; EPA, 2014). Values used in NCF in Equation 3.
Morbidity & Mortality Risk
3% Discount Rate

NOx ($/ton)

NOx ($/g)

$17,000

$0.02

PM2.5 ($/ton)
$810,000

PM2.5 ($/g)
$0.89

It’s important to note that the data in Table 6 reflect national averages and should be
applied to specific geographic locations cautiously. As the data represent national averages,
estimates may not capture the regional differences seen in various areas of the United States.
Because of the national inputs to the benefits models, benefits for a particular location have a
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greater degree of uncertainty compared to those nationally derived benefits (EPA, 2013). In
addition, due to the diverse nature of PM, it is better not to solely attribute adverse health
consequences to one factor, such as size. It is assumed in this analysis that particles of any size
from PM10 are equally potent in their morbidity and mortality costs. This is a critical
assumption, as PM composition is highly variable, and scientific evidence is not yet
comprehensive enough to distinguish the effects based on particle size (EPA, 2013).
In specific settings, operations and maintenance (O&M) costs may also be reflected in the
NCF values of Equation 3, thereby representing the unique payback periods for a given fleet.
O&M numbers were excluded from the current analysis because there is a very high degree of
variability of O&M costs fleet by fleet, and more importantly, vehicle by vehicle. One of the
biggest components of an individual vehicle O&M costs is the age of the vehicle. Many older
models are configured in such a manner that their design isn’t conducive to retrofit installation.
For these models, a multitude of additional costs can be incurred, ranging from addition parts for
installation (i.e. extra fasteners or various connection points to the frame) or the additional
skilled labor needed install the device, such as for onsite fabrication of the vehicle frame through
processes like welding. There are also maintenance requirements to keep the device operating at
its optimal reduction capabilities, for example the frequent cleaning of a passive DPF to prevent
engine backpressure and engine damages (EPA, 2006).
Even with the knowledge of the fleet compensation, the O&M costs would be time
intensive and difficult to calculate. As the data do not reflect age structure of the fleet, existing
O&M estimations would be difficult and inaccurate to apply here. These exclusions represent a
limitation of the analysis results, and the results presented here are expected to be lower than
what would be seen in the field. Should fleet managers wish to apply this methodology in a
specific setting, the O&M costs would be included in the adjusted cash flow.
The final step of this analysis was to complete a cost benefit ratio (CBR). By setting up a
CBR analysis, we were able to determine if the costs of controlling pollution were offset by the
potential healthcare costs incurred if there were no control means in place. CBR is a unitless
value where a value less than 1 signifies that a control mechanism should be put in place because
the cost of controlling a gram of pollution is less than the healthcare costs. A value greater than
1 implies that the cost of implementation is more than what would be saved in healthcare cost
avoidances, and therefore has a very limited applicability without incentives. The set up for the
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CBR analysis can be seen below in Equation 4. The CBR uses AC values from Equation 2 and
the NCF (net cash flow) values from Equation 3.

Equation 4.
𝐶𝐵𝑅 =

$
𝐴𝐶 𝑦𝑟
$
𝑁𝐶𝐹 𝑦𝑟
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RESULTS
Table 7 represents a baseline of emissions from a mixed age truck fleet (from 2008) for
the years 2011-2013 (Korfmacher et.al, 2015). These represent a comparison for control device
calculations. By using 22-ton, 16-ton and 10-ton loads as a bookend analysis for the area of
interest, emission reductions are applied to these baselines and adjusted appropriately. One-way
emissions were used here because of the limitations on available data for round trip emissions.
As evidenced in Table 8 and 9, the most significant gross total reductions for PM10 result
from the implementation of the Diesel Particulate Filters (DPFs), with an average reduction of 9
Mg across all models tested, followed by Diesel Oxidation Catalysts (DOCs) at 3.8 Mg removed
at all model efficiencies. For NOx, as seen in Table 10 and 11, the Selective Catalytic Reducer
(SCRs) had a single average efficiency as denoted by the EPA, leading to an average of 279 Mg
removed from the total baseline after the implementation of the SCR across the various loads
tested. NGV’s had the most comprehensive emission reductions, controlling for both PM10 at
1.7 Mg and NOx at 187 Mg (Tables 8, 9, 10, and 11).
As seen in Tables 8 and 10 by the areas highlighted, few devices were able to comply
with 2007 standards based on the 2008 baseline emissions. Some devices offer very high
emissions reductions, but are hampered by their high costs and limited range of applications. For
example, a high model DPF can cost up to $50,000 per unit and cost millions to outfit a fleet
(Table 5, 12). Others, such as the DOCs and SCRs, are less expensive and produce modest
emission reductions, but do not meet the MY2007 targets.
Established technologies, such as DPFs and DOCs, have grown in their use and
efficiencies, and there is a budding market for new technologies such as DNGVs, which
represent an innovative way to address a variety of hazardous air pollutants. But it may be
necessary to couple certain technologies together. Akin to mutualism in the natural world, Ultra
Low Sulfur Diesel (ULSD) and DPF evolved a symbiotic relationship, where the maximum
reductions are possible only in the presence of another diesel emissions reduction strategy. If a
DNGV is outfitted with a catalyst or filter, for example, it’s possible to achieve emissions the
meet or exceed the level posed by high end filters without the added economic cost. This is a
proposed strategy and encouraged by the EPA, however it represents an additional degree of
intricacy not included in the scope of this work (EPA, 2015).
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Table 7: Estimated truck counts and emissions for the removal of wastes and deliveries of sand
and water to PA wells in the years 2011, 2012, and 2013. Results represent the assumption of a
mixed aged fleet with the areas bolded to represent a higher degree of emissions control as
mandated by the EPA in MY 2007 (Korfmacher et al., 2015).

Table 8: PM10 reductions from baseline emissions for post combustion controls and alternative
fuels. Numbers represent the range in device control efficiencies and variable loads. Please
refer to Table 4 for device control efficiencies. The only devices with emission reductions that
comply with MY 2007 standards are the DPFs, highlighted here in grey.

22-tons

16-tons

10-tons

TOTAL REDUCED Emissions After Technology Application
2008 PM10 DOC Low DOC Medium DOC High DPF Low DPF Medium DPF High
YEAR
Mg
Mg
Mg
Mg
Mg
Mg
Mg
2011
6.6
1.3
2.0
2.6
5.6
5.9
6.3
2012
5.7
1.1
1.7
2.3
4.8
5.1
5.4
2013
6.6
1.3
2.0
2.6
5.6
5.9
6.3
Average
6.3
1.3
1.9
2.5
5.4
5.7
6.0
YEAR
2011
9.0
1.8
2.7
3.6
7.7
8.1
8.6
2012
7.8
1.6
2.3
3.1
6.6
7.0
7.4
2013
9.0
1.8
2.7
3.6
7.7
8.1
8.6
Average
8.6
1.7
2.6
3.4
7.3
7.7
8.2
YEAR
2011
14.3
2.9
4.3
5.7
12.2
12.9
13.6
2012
12.2
2.4
3.7
4.9
10.4
11.0
11.6
2013
14.1
2.8
4.2
5.6
12.0
12.7
13.4
Average
13.5
2.7
4.1
5.4
11.5
12.2
12.9
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DNVG
Mg
1.3
1.1
1.3
1.3
1.8
1.6
1.8
1.7
2.9
2.4
2.8
2.7

Table 9: PM10 revised emissions profile follow reductions from baseline emissions as seen in
Table 8 above. Numbers represent the range in device control efficiencies and variable loads.
Please refer to Table 4 for device control efficiencies. These values reflect RE values used in
Equations 1 and 3. For comparison MY2007 values have been added.

22-tons

16-tons

10-tons

YEAR
2011
2012
2013
Average
YEAR
2011
2012
2013
Average
YEAR
2011
2012
2013
Average

2008 PM10
Mg
6.6
5.7
6.6
6.3

Revised Emissions After Technology Application
MY2007
DOC Low DOC Medium DOC High DPF Low DPF Medium DPF High
Mg
Mg
Mg
Mg
Mg
Mg
Mg
1.1
5.3
4.6
4.0
1.0
0.7
0.3
0.9
4.6
4.0
3.4
0.9
0.6
0.3
1.1
5.3
4.6
4.0
1.0
0.7
0.3
1.0
5.0
4.4
3.8
0.9
0.6
0.3

DNVG
Mg
5.3
4.6
5.3
5.0

9.0
7.8
9.0
8.6

1.5
1.3
1.5
1.4

7.2
6.2
7.2
6.9

6.3
5.5
6.3
6.0

5.4
4.7
5.4
5.2

1.4
1.2
1.4
1.3

0.9
0.8
0.9
0.9

0.4
0.4
0.4
0.4

7.2
6.2
7.2
6.9

14.3
12.2
14.1
13.5

2.4
2.0
2.3
2.2

11.4
9.8
11.3
10.8

10.0
8.5
9.9
9.5

8.6
7.3
8.5
8.1

2.1
1.8
2.1
2.0

1.4
1.2
1.4
1.4

0.7
0.6
0.7
0.7

11.4
9.8
11.3
10.8

Table 10: NOx reductions from baseline emissions for post combustion controls and alternative
fuels. Numbers represent the range in device control efficiencies and variable loads. Please
refer to Table 4 for device control efficiencies. There are no devices here that comply with MY
2007 emission standards, based on model assumptions using the 2008 in-use average emissions.
TOTAL REDUCED Emissions After Technology Application
2008 NOx
SCR
DNGV
YEAR
Mg
Mg
Mg
22-tons
2011
260
195
130
2012
225
169
113
2013
260
195
130
Average
248
186
124
YEAR
16-tons
2011
356
267
178
2012
305
229
153
2013
353
265
177
Average
338
254
169
YEAR
10-tons
2011
564
423
282
2012
481
361
241
2013
555
416
278
Average
533
400
267
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Table 11: NOx revised emissions profile follow reductions from baseline emissions as seen in
Table 10 above. Numbers represent the range in device control efficiencies and variable loads.
Please refer to Table 4 for device control efficiencies. These values reflect RE values used in
Equations 1 and 3. For comparison MY 2007 values have been added.

22-tons

16-tons

10-tons

Revised Emissions After Technology Application
2008 NOx
MY2007
SCR
YEAR
Mg
Mg
Mg
2011
260
22
65
2012
225
19
56
2013
260
22
65
Average
248
21
62
YEAR
2011
356
30
89
2012
305
26
76
2013
353
30
88
Average
338
29
85
YEAR
2011
564
47
141
2012
481
40
120
2013
555
47
139
Average
533
45
133

DNGV
Mg
130
113
130
124
178
153
177
169
282
241
278
267

Table 12. Capital investments for fleet control technology implementation. Numbers reflect a
3,000, 4,000 and 6,300 truck fleet operating at a 22-ton load, 16-ton and 10-ton load capacity.
Costs are represented in US Dollars and represent the range of model efficiencies assumed by the
EPA verified technologies list: http://www3.epa.gov/otaq/diesel/verification/verif-list.htm.
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Table 13: NCF values as derived from Equation 3. Values are on a yearly basis and represent
vehicles hauling at the 22, 16 and 10-ton capacity. These values are reflective of the average
health care costs in terms of morbidity and mortalities following exposure to excess levels of
source pollution from HDDVs
NCF for PM10 Health Care Costs
DOC Medium DOC High
DPF Low
DPF Med
$1,762,200 $2,349,600 $4,992,900 $5,286,600
$1,521,900 $2,029,200 $4,312,050 $4,565,700
$1,762,200 $2,349,600 $4,992,900 $5,286,600
$1,682,100 $2,242,800 $4,765,950 $5,046,300

22-tons

2011
2012
2013
Average

DOC Low
$1,174,800
$1,014,600
$1,174,800
$1,121,400

16-tons

2011
2012
2013
Average

$1,602,000
$1,388,400
$1,602,000
$1,530,800

$2,403,000
$2,082,600
$2,403,000
$2,296,200

$3,204,000
$2,776,800
$3,204,000
$3,061,600

$6,808,500
$5,900,700
$6,808,500
$6,505,900

10-tons

2011
2012
2013
Average

$2,545,400
$2,171,600
$2,509,800
$2,408,340

$3,818,100
$3,257,400
$3,764,700
$3,612,510

$5,090,800
$4,343,200
$5,019,600
$4,816,680

$10,817,950
$9,229,300
$10,666,650
$10,235,445

DPF High
$5,580,300
$4,819,350
$5,580,300
$5,326,650

NGV
$1,174,800
$1,014,600
$1,174,800
$1,121,400

$7,209,000
$6,247,800
$7,209,000
$6,888,600

$7,609,500
$6,594,900
$7,609,500
$7,271,300

$1,602,000
$1,388,400
$1,602,000
$1,530,800

$11,454,300
$9,772,200
$11,294,100
$10,837,530

$12,090,650
$10,315,100
$11,921,550
$11,439,615

$2,545,400
$2,171,600
$2,509,800
$2,408,340

Tables 14 and 15 illustrate the effectiveness of devices (CE) from a present cost
perspective, contrasted against the average cost in terms of morbidity and mortality following
exposure to criteria pollutants. As seen in Table 14, devices that have a lower removal cost than
the respective healthcare costs include all model efficiencies of the DOC and the low and
medium model efficiency of the DPF. In addition, all DPF models were able to remove enough
pollution to be comparable to vehicles manufactured in MY2007 or later, implying that if fleet
managers wish to control their PM emissions while maintaining economic viability, their only
options are the various DPFs. Table 15 shows those devices designed to remove NOx , and all
model efficiencies of the SCR show removal costs lower than the healthcare costs, while the
DNVG had higher costs than the assumed healthcare costs. No NOx devices met the MY 2007
standards, however, based on baseline assumptions. CE was included in this study as a metric to
provide an instant means of comparison across devices and weigh classes.
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Table 14: Estimated cost per gram removed of criteria air pollutant PM10 for each applicable
device. Numbers reflect a 3,000, 4, 000 and 6,300 truck fleet. Health care costs have been
denoted at the bottom. Devices that have removal costs lower than the assumed healthcare costs
include the DOC at all model efficiencies, and the DPF at the low and medium efficiency. The
high efficiency DPF and DNVG at all efficiencies have removal costs higher than the healthcare
costs (Lepule, 2012;EPA, 2013).

22-tons

16-tons

10-tons

Cost Effectiveness
YEAR DOC Low DOC Medium DOC High DPF Low DPF Medium DPF High NVG Low
2011
$0.05
$0.14
$0.18
$0.17
$0.59
$0.96
$2.59
2012
$0.06
$0.16
$0.21
$0.20
$0.68
$1.11
$3.00
2013
$0.05
$0.14
$0.18
$0.17
$0.59
$0.96
$2.59
Average
$0.06
$0.15
$0.19
$0.18
$0.61
$1.00
$2.71
YEAR
2011
$0.05
$0.14
$0.18
$0.17
$0.57
$0.94
$2.53
2012
$0.06
$0.16
$0.21
$0.19
$0.66
$1.08
$2.92
2013
$0.05
$0.14
$0.18
$0.17
$0.57
$0.94
$2.53
Average
$0.06
$0.14
$0.19
$0.18
$0.60
$0.98
$2.65
YEAR
2011
$0.05
$0.14
$0.18
$0.17
$0.57
$0.93
$2.51
2012
$0.06
$0.16
$0.21
$0.19
$0.67
$1.09
$2.94
2013
$0.05
$0.14
$0.18
$0.17
$0.58
$0.94
$2.55
Average
$0.06
$0.14
$0.19
$0.18
$0.60
$0.98
$2.65
HC
$0.89
$0.89
$0.89
$0.89
$0.89
$0.89
$0.89
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NVG High
$3.50
$4.05
$3.50
$3.67
$3.42
$3.95
$3.42
$3.58
$3.39
$3.98
$3.44
$3.59
$0.89

Table 15: Estimated cost per gram removed of criteria air pollutant NOx for each applicable
device. Numbers reflect a 3,000, 4, 000 and 6,300 truck fleet. The SCR at all model efficiencies
are lower than the assumed health care costs which have been shown at the bottom, implying that
while cost-effective, none are effective enough to meet reductions comparable to MY2007. The
DNVG models produce removal efficiencies higher than that of the healthcare costs. The same
methodology for cost removed per gram as seen in Example 1 is employed here (Lepule, 2012;
EPA, 2013)

22-tons

16-tons

10-tons

YEAR
2011
2012
2013
Average
YEAR
2011
2012
2013
Average
YEAR
2011
2012
2013
Average
HC

SCR Low
$0.01
$0.01
$0.01
$0.01

Cost Effectiveness
SCR Medium SCR High
$0.01
$0.01
$0.01
$0.01
$0.01
$0.01
$0.01
$0.01

NGV Low NGV High
$0.03
$0.04
$0.03
$0.04
$0.03
$0.04
$0.03
$0.04

$0.01
$0.01
$0.01
$0.01

$0.01
$0.01
$0.01
$0.01

$0.01
$0.01
$0.01
$0.01

$0.03
$0.03
$0.03
$0.03

$0.03
$0.04
$0.03
$0.04

$0.01
$0.01
$0.01
$0.01
$0.02

$0.01
$0.01
$0.01
$0.01
$0.02

$0.01
$0.01
$0.01
$0.01
$0.02

$0.03
$0.03
$0.03
$0.03
$0.02

$0.03
$0.04
$0.03
$0.04
$0.02

Table 16 highlight the cumulative fiscal effects of device implementation. Looking at
devices to control PM, high end DPFs and all models of the DNVG present values greater than 1,
indicating control costs greater that health savings. All models of the DOC and low/ medium
DPF remain below 1, implying that the DOC and DPF models are the best economic options.
Table 17 shows the results of the CBR analysis for those devise designed to remove NOx.
Amongst devices designed to control NOx emissions, all models of the SCR had CBR values less
than 1, while both DNVGs featured CBR values greater than 1. If reduction in NOx emissions is
the goal, from an economic perspective, the SCR across all mode efficiencies and weight classes
is the only viable option.
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Table 16: Cost Benefit Ratio for each of the devices targeted to remove PM10 examined in this
study. Those devices with a value under one represent economically viable options, while those
above one represent cases where the device costs outweigh the incurred health benefits.
Cost Benefit Ratio
DOC Low DOC Medium DOC High DPF Low DPF Medium DPF High NVG Low NVG High
0.06
0.16
0.21
0.20
0.69
1.13
3.05
4.12
0.07
0.19
0.25
0.23
0.80
1.30
3.53
4.77
0.06
0.16
0.21
0.20
0.69
1.13
3.05
4.12
0.07
0.17
0.22
0.21
0.72
1.18
3.19
4.31

22-tons

2011
2012
2013
Average

16-tons

2011
2012
2013
Average

0.06
0.07
0.06
0.07

0.16
0.19
0.16
0.17

0.21
0.24
0.21
0.22

0.20
0.23
0.20
0.21

0.67
0.78
0.67
0.71

1.10
1.27
1.10
1.15

2.98
3.44
2.98
3.12

4.03
4.65
4.03
4.21

10-tons

2011
2012
2013
Average

0.06
0.07
0.06
0.07

0.16
0.19
0.16
0.17

0.21
0.24
0.21
0.22

0.20
0.23
0.20
0.21

0.67
0.78
0.68
0.71

1.09
1.28
1.11
1.15

2.95
3.46
3.00
3.12

3.99
4.68
4.05
4.22

Table 17: Cost Benefit Ratio for each of the devices targeted to remove NOx examined in this
study. Those devices with a value under one represent economically viable options, while those
above one represent cases where the device costs outweigh the incurred health benefits.

22-tons

16-tons

10-tons

Cost Benefit Ratio
SCR Medium SCR High NVG Low
0.46
0.62
1.32
0.53
0.71
1.52
0.46
0.62
1.32
0.48
0.65
1.38

2011
2012
2013
Average

SCR Low
0.31
0.36
0.31
0.32

2011
2012
2013
Average

0.30
0.35
0.30
0.32

0.45
0.52
0.45
0.47

0.60
0.70
0.60
0.63

1.28
1.50
1.29
1.35

1.73
2.02
1.75
1.82

2011
2012
2013
Average

0.30
0.35
0.30
0.32

0.45
0.52
0.45
0.47

0.60
0.70
0.61
0.63

1.27
1.49
1.29
1.35

1.72
2.02
1.75
1.82
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NVG High
1.78
2.05
1.78
1.86

DISCUSSION
As seen from the data above, retrofits have a potential to play a role in the marked
reductions of criteria pollutants. The DPFs were one of the most efficient devices examined here
in terms of their potential to remove criteria pollutants (PM) from engine exhaust. They were the
only device effective enough to reduce pollutant levels that would be comparable to that of
vehicles manufactured in the MY2007 class, based on model assumptions. However, their
efficiency also translated into higher fiscal investments, with the low and medium efficiency
models being the only ones capable of reducing pollutants while featuring a CBR value less than
1 and a CE value less than the assumed healthcare costs. All other devices examined here did
not have the efficiency to remove pollutants to a high enough efficiency to match the lower
emission standards seen in newly manufactured vehicles in MY2007 or later. Special attention
should be drawn to those devices designed to control NOx. No device was viable from a health
perspective, as all devices featured removal fractions that were lower than levels seen in
MY2007 vehicles, based on model assumptions.
Despite their significant initial investment, devices designed to control PM have a
relatively low CBR value (Table 16). With the exception of high model DPFs and DNVGs, all
after treatment devices feature an average CBR value of 0.27. From the data presented there is a
clear trend in potentially viable and non-viable devices to control PM. The same cannot be said
for those devices targeted to remove NOx. Looking at Table 15 and 17 detailing both the CE and
CBR values respectively, it’s more difficult to establish significant long-term financial trends.
In Tables 15 and 17, the average CBR and CE values remains almost constant across
device efficiencies and load factors. This may be explained by a combination of the constant
device removal efficiencies and the specific health hazards associated with excess NOx exposure.
Greater reductions of NOx are needed to influence the reduction morbidity and mortality costs
(EPA, 2007), meaning that from a large scale public health perspective or fleet reduction
perspective, devices need to be more effective at the removal of NOx before significant trends
can be identified between devices and weight factors. Certain closed loop SCR technologies are
capable of removing pollutants at a higher efficiency. However, their high costs severely limit
their practical applicability and they are rarely seen in the public sector (MECA, 2007). Certain
SCR and DPF combinations have emerged as a means to achieve higher reductions, performing
at a comparable level to newly manufactured vehicles (MECA, 2007). Since devices examined
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here have a constant emissions reduction potential, a similar monetary benefit to public health
can be attributed to each. Until device technology, such as closed loop systems, evolves to the
level where increased potential reductions coincide within an acceptable cost range, there is little
health or monetary benefit in investing higher end retrofits designed to reduce NOx.
Control technologies can substantially reduce emissions, but companies will likely only
spend enough to meet standards, and the control technologies have a wide range in effectiveness
and costs. From an economic perspective, it may not be cost effective to reduce HDDV
pollution on all trucks if the costs exceed the health and environmental benefits of reduced
pollution levels. In the case of NOx, where no device met the 2007 pollution standards, it may be
more cost effective and beneficial to reduce pollution from some other source, such as power
plants, or to buy out and retire older trucks, rather than retrofit them with higher efficiency,
higher cost control devices. For very old trucks, it might not be technically possible to retrofit
them. However for PM, DPFs should not be discounted as a viable means to control emissions.
There were two devices that have the potential to make measurable reductions in the amount of
PM being emitted from vehicles in this setting.
The question then becomes what is the most feasible and fiscally responsible method to
achieve significant reductions in criteria pollutants and GHGs while still maintaining the
economic viability of a particular fleet. Fiscal tools such as payback period or cost per ton
calculations can be used to justify and assess the alternatives that exist when presenting them to
upper management. Most often this shows how alternatives will impact the economic standing
of a company. Retrofits are often promoted as one of the most economically responsible
methods to reduce emissions while maintaining engine performance (EPA 2012, FWHA 1998).
As evidenced here, retrofits can be a viable method and cost effective means to reduce PM10, but
the 2007 standards cannot be met for all criteria pollutions through retrofits alone.
DPFs are an order of magnitude more effective in terms of reducing targeted pollutants
compared to other options. Even at the lowest modeled efficiency, the filters had no trouble
meeting the imposed MY 2007 standards for PM10. The DOC, while effective, would need to be
upwards of 80% efficient to achieve the same level of compliance as the DPF, based on 2008
values. DNGVs, while hosting a wide range of emissions reductions, do not meet the MY 2007
standards, given the 2008 average emissions, and in this case would need to be upwards of 80%
efficient at PM removal. Given the removal efficiencies, CE, and CBR values, the low and
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medium DPF models are ideal for retrofits in this setting (PM10). For NOx removal, none of the
devices tested would alone achieve compliance by the MY 2007 standards, given the 2008
average emissions. In order to achieve compliance, the devices would need a minimum
efficiency of 90% for NOx removal, such as those seen in closed loop systems.
The DPF had one of the highest emission reduction potentials for its respective criteria
pollutant (PM10), coupled with the second highest cost and CBR; second only to the DNGV. The
top of the line model DPF had an average cost per gram PM removed of $1.00 $/g operating at
the 22-ton capacity, as seen in Table 13. It’s important to note that cost effectiveness can vary
based on numerous spatial and temporal limitations. These include precursor pollutant status, or
level of control measures already in place (EPA 2007). These variables can have a profound
effect on existing air quality and play a direct role in the degree of emissions controls that fleet
managers may choose to employ. Therefore, results seen here should be cautiously applied to
other scenarios areas that have a more serious air quality problem will need a greater level of
emission reductions, but individuals in these areas can expect to see a greater health and
environmental benefit from emissions reductions (EPA 2007).
Furthermore, while all pollutants analyzed here fall under the encompassing term of
“gaseous” air pollutants, they cannot be compared on a 1:1 basis, as a unit of PM is not
equivalent to a unit of NOx. Each of these pollutants has a very specific emissions inventory and
the magnitude of their health and environmental effects are on much different scales. Smaller
amounts of PM result in more pronounced adverse health and environmental consequences than
NOx, as seen in the values presented in Table 5 (EPA, 2006). Therefore, the overall health and
environmental impact should be taken into account when assessing cost-effectiveness.
Although mandatory and voluntary emissions control measures are in place, cost remains
an important criteria in acceptance of various retrofit strategies. The healthcare removal costs
have been included to give a relative cost associated with the instantaneous use. While the net
cash flow has also been included to represent the time it would take to recoup an investment, the
benefit of including both parameters represents a more accurate representation of the incurred
fiscal costs of device purchase and use. A majority of CBR values are modest in nature, with
values remaining under or slightly above 1. The exception being dual fuel vehicles, with an
average CBR value of ranging from 1.82 to 4.31, depending on the setting and pollutant under
consideration.
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This could be explained by the extra costs associated with outfitting the vehicles to utilize
an additional source of energy. The higher payback periods, coupled with CE costs greater than
expected healthcare costs, severely limit the DNVGs practical applicability in the field. Despite
their inherent benefits to human and environmental health, the implementation of DNGV is
limited, assuming the accuracy of the 2008 average in-use emission rates. Very few fleet
managers would voluntarily take on the high costs incurred via the DPF or DNGV for benefits
that are not mutually beneficial to the company themselves. This trend highlights the
multifaceted issue of diesel retrofit devices, as many devices that would represent compliance
with federal standards remain out of economic reach for fleet managers, or lack the supporting
infrastructure to make these devices viable.
What can be derived from these analyses is that there is no single solution to remedy the
excess pollution generated by increased HDDV traffic associated with the HVHF industry.
Instead of seeing each device as a sole solution, it’s better to view them as a component of a
comprehensive sustainability plan. A HDDV sustainability plan would feature many of the
above mentioned strategies used to mitigate the effects of the industry on the surrounding
environment. Examples include retiring/scrappage, repowering, and retrofitting. The decision to
implement one strategy over another hinges upon many variables, one being the age of the
vehicle in question. The fleet observed in this study is assumed to be a mixed aged fleet, with
older trucks emitting significantly more pollutants than newer models, creating a situation with a
greater range of emissions reductions strategies than a fleet of uniform age.
It is assumed that as a vehicle ages and/or accumulates high mileage, the engine will wear
and produce high emissions (Clark, 2011). As a secondary cause there is a marked increase in
emissions associated with vehicle age due to the introduction of new technology to the market.
Engines produced today must comply with increasingly stringent standards. To meet these
standards, technology has evolved and been adopted into newly manufactured engines (Clark,
2011). It is hypothesized that older vehicles still operating on the road emit so much pollution
due to their use associated deterioration and lack of internal control technologies, they
significantly raise the baseline emissions and thereby create a situation of unachievable
compliance, with only the most expensive retrofit options being viable.
If EPA updated the 2008 average in-use fleet emission study, a reduction in baseline
emissions would most likely be evident in the initial data collection stage. Emission factors from
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2008 were the most recent, available data and therefore used in this study, even though they may
not accurately reflect the current fleet state. 2007 represented a landmark regulation year for onroad diesel engines, with increased standards representing a significant change for engine
manufactures and fleet operators. Despite the data being taken from 2008; after the standards
went into effect, a year isn’t enough time to realize or notice the full effect of the new operating
standards. If the same fleet snapshot was to be taken today, it is likely that older vehicles will
have been phased out via retirement, or retrofitted to achieve compliance. In doing so, it is
possible that options that were deemed non-viable in 2008 may represent a potential option at the
current time.
Operating costs for a piece of equipment rise as conditions deteriorate over time. At a
certain point, the long term costs associated with the operation and maintenance of the older
models becomes greater than investing in new equipment (Jin, 1999). Retirement would be
encouraged for vehicles in this category, but there is no way of knowing if this happened on a
large scale after 2008. Engine retiring by definition is the withdrawal of an engine or vehicle
from a fleet to be scrapped or repurposed for a separate purpose (CARB, 2015). In both cases
older vehicles are removed from the road entirely, reducing the associated impact from the
engines (NRDC, 2007). Models built prior to the mid-1980s lack a majority of the internal
electronic control systems that would allow for many of the retrofit devices to function properly
(MECA, 2007). In addition, they have a significantly different torque and power profile than
later year engines. Retrofitting these vehicles would not be a simple swap with a device from
then Original Engine Manufacturer (OEM), but would require serious rewiring and the
installation of complementary devices to allow the retrofits to function properly (CARB, 2015).
These vehicles should be the primary candidates for retirement, as retirement allows the benefits
of improved air quality immediately and would reduce anxiety from increased maintenance
associated with older vehicles.
The South Carolina Port Authority realized the significant threat that older engines pose
to human and environmental health. As a result, they developed an innovative program that
provides assistance to fleet managers looking to improve the standing of their fleet. The Clean
Truck Certification Program Offering is a mandatory program for vehicles doing business in the
area. Vehicles must meet the clean truck certification standard, which is denoted by engine year,
as opposed to MY. Vehicles serving the area must have engines manufactured post MY 1993.
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A vehicle from 1990 with an engine from 1994 will pass certification (SPSCA, n.d). Upon
enrollment, participants will receive up to a $5,000 dollar incentive towards the purchase of a
new vehicle. Vehicles doing single visits are offered a one-time entrance to the port, further
visitation requires registration with the port authority. The program is enforced by random spot
checks once vehicles are in the program and upon entrance to the port (SPSCA, n.d).
This technique of incentivizing retrofits has been used with municipalities around the
country and met with great success (Diesel Forum, 2003). After the tightening of existing
Federal statutes, i.e. National Ambient Air Quality Standards (NAAQS) in 2006, to strengthen
the standards for PM (EPA, 2006; EPA, 2009), the Federal government offered an additional
encouragement to state governments with the promise of federal funding for a well-developed
plans that subsidized vehicle owners who wanted to update their fleet with newer and cleaner
technology (Thornton, 2008). The participating states include California (CA), Georgia (GA)
and Oregon (OR), and they have voluntarily created incentivized retrofit implementation
programs, featuring grants as financial subsidies for new vehicle and various retrofits. Perhaps
one of the best known is the Carl Moyer Memorial Air Quality Attainment Program (Carl Moyer
Program) in the state of California.
The Carl Moyer Program is a Voucher Incentive Program (VIP) for on-road engines to
upgrade existing vehicles with state of the art technology. Pending the procurement of a grant,
fleet managers can receive fiscal assistance for up to 25% the cost of a new vehicle, up to
$30,000 for the repowering of an engine, or $20,000 for a retrofit device that brings the engine to
the emissions level comparable to that of MY 2007 engines. Since 1998, the program has
invested over $980 million dollars and cleaned up over 46,000 engines; thereby reducing 6,400
tons of PM, and about 174,000 tons of ozone precursors (CARB, 2014). Comparatively, if a
similar program was to be employed in the Marcellus Shale Region, $20,000 would cover the
initial expense on a per unit basis for all models of the DOC and SCR and the low level DPF.
For the higher level models, $20,000 is enough to drop the cost significantly, possibly rendering
them economically viable within this setting. The $30,000 for repowering of an engine is
enough to fully cover the costs of a low model DNGV and reduce the cost of a high end model.
A comparable program implemented within this setting has the potential to outfit 4,900 engines
with retrofit devices and repower 3,300 trucks. This is enough to cover the total amount of
vehicles operating at the 22 and nearly all 16-ton load capacity.
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Aside from grant funding to encourage the instillation of retrofit devices, some states
such as Oregon and Georgia, have chosen to employ tax incentives rather than grants.
Government entities at all levels utilize tax incentives at some level to influence the behavior of
individuals and corporations (ICF, 2005). By reducing or eliminating taxes on certain items or
activates, it’s possible to drastically alter the cost associated of the activity. Oregon’s Pollution
Control Tax Program offers tax credits for the installation of various EPA verified pollution
control technologies. Following the installation of an emissions control device on an in-service
engine, up to 35% of the investment and instillation cost can be earned back as income tax credit.
Both methods have their inherent advantages and disadvantages. Available funding, time
constraints and specific targets may lead state governments to choose one method over another
(ICF, 2005). Monetary grants seem to be the favored option by fleet managers and public
officials alike. The technological options available to reduce diesel emissions require significant
investment. The shipping industry is highly competitive and few companies are able to bear the
burden of additional expense of emissions reduction technologies without assistance (ICF, 2005).
Grants allow the flexibility for fleet managers to make specific changes that best suit their fleet,
while targeting emissions reductions where they are needed most (ICF, 2005). In many other
scenarios tax incentives have been an effective strategy in the encouragement of a certain
behavior. However tax incentives have not seen as much widespread use to encourage diesel
emission reduction. With tax incentives, it’s difficult to target a specific source or location
where reductions are most needed (ICF, 2005). In addition, tax incentives are limited in their
applicability for companies with a small profit margin and therefore little tax liability (ICF
2005). But tax incentives don’t have the strict time constraints that are present with grants and
aren’t subject to the depletion of funds.
Both tactics promote diesel emission reduction strategies and help to cushion the high
cost associated with mitigating the effects of diesel combustion. By employing these techniques,
it’s possible that retrofit devices may fill the remaining balance to achieve environmental
compliance. On their own, retrofit devices are unable to completely achieve comparable
reductions to engines manufactured MY 2007 or later. Employing a comprehensive retirement
plan will remove engines unsuitable for reconfiguration and replace them with newer, less
polluting models. With the removal of these engines, a significant reduction of baseline
emissions will be noted, creating an opportunity for a variety of retrofit devices to further reduce
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emissions from unmodified engines. With both of these strategies in place, it’s possible to alter
the emissions profile of the fleet to emulate one analogous manufactured post MY 2007.
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NEXT STEPS
The transportation sector is an area with great potential for pollution reduction.
Especially for HDDVs, their longevity and operational capacity will ensure they will continue to
remain an industry staple for years to come. In the support of HVHF, HDDVs could see a
marked increase in use as drilling operations continue to expand, thereby resulting in a potential
increase in regional HDDV emissions.
Already in areas where drilling operations have flourished in both residential and urban
areas, increased attention has been focused on human health and ambient air quality. Some of
the most successful diesel engine retrofit programs have occurred in areas with high urban
vehicle concentration (NRDC 2004). Corridors that see a significant increase in HDDV traffic
related to the HVHF industry will be at risk for many of the health consequences listed above.
Therefore, to avoid the fiscal and health costs born unto the general public, it is likely that
HDDVs will need to be outfitted with emission control technologies.
For the purpose of the emission modelling bookend analysis, engine operating conditions
were assumed to remain constant. In reality the routes from origin to destination vary in terms of
road quality, speed limits and gradients. All these factors affect the engine operating efficiency,
and thereby directly influencing the compensation and degree of post combustion emissions. It
would be advisable to determine how the emissions fluctuate on a spatial level to better
determine how each device would react in this setting. One such suggestion would be to
examine parameters that encourage transient engine response. A majority of engine modeling
studies have been done examining steady-state driving conditions, with very little attention paid
to unsteady state, or transient operation (Rakopoulos, 2009).
It has been noted that diesel engine transient response is highly non-linear, leading to a
marked increase in emissions following periods of acceleration, or increase engine work such as
driving uphill (Rakopoulos, 2009). The quantification of transient emissions data is key to future
vehicle emissions reductions. Including the transient behavior in this setting would allow for a
greater understanding of the temporal operational changes, as well as the regional spatial
influences to this behavior. The coupling of transient and steady-state operational profiles would
give a more accurate average emissions profile and allow for mode-specific pollutant
minimization (Gullett, 2006).
These devices offer ways to preserve the environmental and cultural integrity of areas
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surrounding the HVHF industry. Without them, policy makers, state officials and local residents
should seriously consider if the fiscal benefits of the HVHF industry outweigh the immediate and
chronic morbidity and mortality of the human and ambient environment. Changing the face of
the transportation industry from that of a pollution ridden vector to a model of environmental
sustainability for all sectors will be a continuing challenge for environmental planners and
industry operators.
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